A reduction in the use of animals in infectious disease research is desirable for animal welfare as well as for simplification and standardization of experiments. An artificial silicone-based membrane-feeding system was adapted for complete engorgement of adult and nymphal Ixodes scapularis Say (Acari: Ixodidae), and for infecting nymphs with pathogenic, tick-borne bacteria. Six wild-type and genetically transformed strains of four species of bacteria were inoculated into sterile bovine blood and fed to ticks. Pathogens were consistently detected in replete nymphs by polymerase chain reaction. Adult ticks that ingested bacteria as nymphs were evaluated for transstadial transmission. Borrelia burgdorferi and Ehrlichia muris-like agent showed high rates of transstadial transmission to adult ticks, whereas Anaplasma phagocytophilum and Rickettsia monacensis demonstrated low rates of transstadial transmission/maintenance. Artificial membrane feeding can be used to routinely maintain nymphal and adult I. scapularis, and infect nymphs with tick-borne pathogens.
Ticks are reputed to transmit a greater diversity of pathogen species than any other group of arthropod vectors (Sonenshine and Roe 2013) . Some aspects of tick biology and behavior seem to make them particularly permissive to pathogen acquisition, establishment, and transmission. For example, a limited vertebrate host range and the injection of immunomodulatory salivary compounds while feeding (Sousa et al. 2015) could both affect the establishment of zoonotic disease cycles. Another aspect is the prolonged duration of ixodid tick feeding, which can last for 10 d or longer in adults of some tick species, including Ixodes scapularis Say (Acari: Ixodidae), the primary vector of Lyme disease spirochetes in North America (Troughton and Levin 2007) . This lengthy feeding period has presented a challenge to the development of artificial tick feeding methods, and an efficient in vitro approach would be of great utility in studying tick/pathogen interaction, particularly for intracellular bacteria less amenable to capillary feeding than Borrelia burgdorferi.
In vitro membrane-feeding systems have previously been used to infect ixodid ticks with pathogens. With the exception of the bacteria Ehrlichia ruminantium (Voigt et al. 1993) and Bartonella spp. (Cotté et al. 2008 , Reis et al. 2011 , successful infection attempts have focused on protozoan pathogens (Young et al. 1996 , Bonnet et al. 2007 ). Animal skin membranes were normally used (Bonnet and Liu 2012) , with artificial membrane usage rare (Waladde et al. 1993) .
In this study, we describe in detail an artificial membrane-based feeding method adapted from that previously described by Krö ber and Guerin (2007) . This feeding system provides a means of rearing nymphal and adult I. scapularis without the use of animal hosts, as well as an alternative to capillary feeding for in vitro infection of ticks with pathogenic organisms. It is inexpensive and easy to establish and is not especially labor-intensive. The membranes that we have developed are made from synthetic materials that are commercially available, unlike membranes made from animal skin. Moreover, the material appears to be nontoxic to ticks and bacteria. We evaluated the utility of this system for infecting ticks with a variety of tick-borne pathogenic bacteria. To this end, we fed I. scapularis nymphs on bovine blood spiked with six wild-type or genetic transformant strains of four species of bacteria, including Anaplasma phagocytophilum (the agent of human anaplasmosis), B. burgdorferi (the agent of Lyme borreliosis), the Ehrlichia muris-like agent (EMLA, an agent of human ehrlichiosis), and Rickettsia monacensis (a species of uncertain pathogenicity). Varying degrees of tick infection and transstadial transmission were achieved between the different bacteria, likely rooted in differences in the biology of the specific pathogen/vector interactions or in vitro cultivation history.
Materials and Methods

Membrane and Chamber Assembly
The artificial membrane-feeding method was based on that developed by Krö ber and Guerin (2007), but modified substantially in several ways. Notably, the types of silicone used, membrane production recipes, and feeding chamber shape and material varied considerably from those described by Krö ber and Guerin. Feeding capsules were constructed by cutting transparent polycarbonate tubing (outer diameter [OD] 1.25 inches, inner diameter [ID] 1 inch) into 45-mm lengths. One-centimeter lengths of larger-diameter tubing (OD 1.5 inches, ID 1.25 inches) were also cut and glued into place with clear solvent cement encircling the narrower tube ( Fig. 1 ). Ring depth was calibrated so that the membrane-bearing end of the feeding chamber would be submerged in 4.5 ml of blood.
Membranes were produced by infiltrating 100% rayon microscope lens paper (Thermo Fisher Scientific, Waltham, MA) with very soft silicone rubber. A sheet of lens paper was taped on to a smooth surface of plastic wrap. Components A and B of liquid twopart silicone (Smooth-On, Easton, PA) was mixed together 1:1, and hexane was added to temporarily thin the mixture. Different membrane formulations were used for feeding nymphal and adult I. scapularis. Shore hardness (prefixed by 00 or A in the samples described) indicates the resistance of a silicone, rubber, or plastic to physical indentation and describes the hardness or softness of a material. For feeding nymphs, a two-part silicone with shore hardness value of 00-10 (Ecoflex Supersoft 0010, Smooth-On) was mixed 1:1 as per the manufacturer's instructions, thinned by adding 2 ml hexane into 10 ml silicone, and spread over the lens paper sheet. Once saturated, the liquid silicone was repeatedly scraped off using a silicone squeegee, until almost no residue was removed by further scraping (Fig. 1A ). This yielded a membrane with the same thickness as the underlying lens paper, $50 lm. Membranes for feeding adult ticks were produced using a slightly harder silicone with shore hardness of 00-50 (Ecoflex Supersoft 0050, Smooth-On), thinned by adding 1.5 ml hexane into 10 ml silicone, and scraped to obtain a membrane with an optimal thickness of 100 lm. Membrane thickness was determined by measuring multiple points outside of the feeding chambers with a micrometer.
Membranes were allowed to cure for at least 4 h before feeding chamber attachment. Before chamber attachment, membranes were pressed with hands to reduce tackiness of the silicone. Krö ber and Guerin's membrane called for the addition of silicone oil and cow hair lipid extract as well as membrane aging or autoclaving to condition the membrane, reduce tackiness, and possibly encourage feeding. We found that a small amount of handling and pressing, along with the addition of the tick frass extract described later, allowed for usage 48 h after membrane production. Chambers were attached to the membranes using a silicone with shore A hardness of 30 (Mold Star 30, Smooth-On). Two-part silicone was mixed 1:1, and the chamber end was lightly dipped into the silicone, placed on the membrane sheet, and twisted slightly to ensure a complete seal. One membrane sheet was sufficient in size to attach six feeding chambers. The chamber seals were cured overnight and then a scalpel was used to trim the excess membrane from around the sealant bead ( Fig. 1B ). Membrane integrity was tested by adding 5 ml of 70% ethanol to chambers set in an empty six-well plate and waiting 10 min to determine if leakage occurred. Leaky membranes were discarded. Unlike the Krö ber and Guerin method, no membrane support structure or other materials were added to the interior of the feeding chambers other than ticks and previously acquired tick frass or tick frass extract.
As a feeding stimulant, previously collected tick frass and tick frass extract were added to each chamber. About 30 pellets of raw frass were added. Tick frass extract was produced by soaking $0.5 g of crushed frass in xylene (1.8 ml for 15 min), mixed with water (200 ll) overnight. Liquid and solid fractions of the mix were then separated by pipetting and retaining the supernatant, and the xylene was allowed to evaporate from the liquid fraction over the course of a few hours in a fume hood. The resulting liquid extract was brushed onto the membrane facing inside the feeding chamber immediately before introducing the ticks. Both stimulants decreased the interval between adding ticks to the chamber and feeding initiation and, along with residual hand oils from pressing the membranes, may have replaced the use of cow hair lipid extract as a phagostimulant.
Feeding and Maintenance
In total, 20-25 female I. scapularis with a similar number of males were added to each adult feeding chamber. In all, 50-100 nymphs, previously chilled to briefly reduce mobility, were added to each nymphal feeding chamber. The top of each chamber was sealed with parafilm ( Fig. 1C ).
Sterile, mechanically defibrinated bovine blood (Hemostat Laboratories, Dixon, CA) was supplemented with 2 ml glucose solution (1 g/ml dissolved in water and autoclave-sterilized) per liter of blood to stabilize blood cells. Four and a half ml of blood was added to each well of a six-well plate. Wells were individually supplemented with 4.5 ll of 3 mM ATP, a phagostimulant for many blood-feeding arthropods, including ticks (Soares et al. 2013) , and 45 ll of a mixture of 100Â antibiotic-antimycotic (contained 10,000 units/ml of penicillin, 10,000 mg/ml of streptomycin, and 25 mg/ml of amphotericin B; Life Technologies, Grand Island, NY). The antibiotic-antimycotic was excluded from infection experiments in which bacteria were added to blood.
The feeding chambers were placed into the six-well plate in direct contact with the blood, avoiding air bubbles (Fig. 1C ). The plate was then floated in a plastic wrap-covered water bath heated to 37 C in a room with a photoperiod of 16:8 (L:D) h. Every 12 h, the feeding chambers were removed from the plate, the bloody outer sides of the membranes were rinsed by vigorously pipetting phosphate-buffered saline to remove old blood, and the chambers were placed into fresh, supplemented blood in a clean six-well plate. During the rinsing process, the attached ticks on the interior side of the membrane remain undisturbed. At this time, membranes were also examined for damage or fungal contamination. Small amounts of membrane damage or separation of the membrane from the feeding chamber were repaired using cyanoacrylate glue upon a briefly dried membrane surface. Fungal contamination was treated by placing the membrane in 10,000 units/ml nystatin solution for 5 min. Nymphs completed feeding in as few as 3 d, whereas females fed for a week or longer ( Fig. 1D ). Engorged ticks were kept in a desiccator jar over a saturated solution of potassium sulfate to maintain a relative humidity of 97% (Rockland 1960) .
Tick Infection by Membrane Feeding
Six strains/transformants of four species of bacteria were fed to I. scapularis nymphs using the artificial membrane system: a GFPuvexpressing himar1 transformant of A. phagocytophilum human isolate HGE1 (NCBI Taxonomy ID: 1217107; Fig. 2A ; Felsheim et al. 2006 ) and wild-type A. phagocytophilum strain Variant 1 (Ap-Variant 1) CRT-35 (NCBI taxonomy ID: 1392508), not linked to disease in humans or transmissible to mice (Massung et al. 2003 ); B. burgdorferi wild-type JMNT strain (Kurtti et al. 1993 ; Fig. 2B) ; an mCherry-expressing himar1 transformant of EMLA (Felsheim et al. 2006 , Lynn et al. 2013 Fig. 2C) ; and two GFPuv-expressing R.
monacensis plasmid transformants, one carrying pRAM18dSGK[MCS] (Burkhardt et al. 2011 ) and the other pRAM18dSGK[biotin] with the complete biotin operon cloned from Rickettsia buchneri (accession number: JFKF01000206.1; Fig. 2D ).
For all experiments using the membrane feeder to infect nymphs, inoculation of bacteria into the blood reservoir commenced 48 h after the beginning of feeding and was continued for 3 d every time the blood was replaced. Ticks were collected when they had engorged and detached, but were allowed to feed for 7 d, in total. Because it took at least 3 d for an I. scapularis nymph to reach engorgement, this guaranteed that all engorged ticks produced within this timeframe had fed for at least one day on bacteria-spiked blood. Fig. 3 provides a feeding, inoculation, and sampling timeline.
Anaplasma phagocytophilum and EMLA were cultivated in ISE6 cells as previously described (Munderloh et al. 1999 , Lynn et al. 2015 using cells maintained on supplemented L15C300 medium (Oliver et al. 2014) until 5-10% of cells showed morulae in Giemsastained Cytospin (Thermo Fisher Scientific, Waltham, MA) slide preparations (6-12 d). Approximately 1.25 Â 10 7 cells with this proportion of infected cells were added per well for each feeding inoculation.
Borrelia burgdorferi JMNT was grown at 34 C in 20 ml of complete BSK-H medium with 6% rabbit serum (Sigma-Aldrich, St. Louis, MO) for 7 d. For inoculation into blood, borreliae were concentrated by centrifugation at 8,000Â g for 4 min, and resuspended in 7 ml of medium. At each blood change, 0.5 ml of this highconcentration bacterial suspension was added.
Rickettsia monacensis was maintained in ISE6 cells in L15C300 medium and cell-free rickettsiae were produced as described (Oliver et al. 2014) . The supernatant was removed and discarded, and the bacterial pellet resuspended in 600 ll of L15C300 medium. The cell-free rickettsiae were kept on ice and used within 24 h. Tests using the live/dead Baclight bacterial viability kit (Molecular Probes, Eugene, OR) indicated that comparable numbers of viable bacteria ($80%) were present in freshly produced and 24-h-old cell-free bacteria suspensions. For the infection attempts, 40 ll (containing an estimated 6.7 Â 10 7 rickettsiae) was added to each well when blood was exchanged every 12 h. Each 25-cm 2 flask provided enough infected ISE6 cells to maintain three feeding chambers through four blood changes.
Bacterial Viability in the Feeding Apparatus
Anaplasma phagocytophilum and R. monacensis demonstrated low rates of infection using the membrane-feeding system. To rule out loss of bacterial viability after incubation in the blood reservoir, A. phagocytophilum HGE1 and biotin-expressing R. monacensis were separately evaluated for viability in blood under conditions comparable with the experimental conditions. Bacteria were added to 4.5 ml of ATP-and glucose-supplemented blood at the concentrations described previously. Samples of blood infected by either species were taken at 0 h post inoculation (hpi). Blood was incubated in a parafilm-sealed six-well plate for 12 h at 37 C. Samples of blood were taken again at 12 hpi.
Blood samples taken at 0 hpi or 12 hpi were added to well plates previously seeded with 90% confluent ISE6 cells. For A. phagocytophilum, 30 ll blood samples from each time point were added to 270 ll of L15C300 medium in two wells in the first column of a 24well plate. Samples were serially diluted with threefold dilutions of medium along each row of the plate. After 15 d of incubation at 34 C with 5% CO 2 , well contents were removed, cytocentrifuged onto slides, and Giemsa-stained to determine whether morulae were present. For R. monacensis, 20 ll samples of blood from each time point were added to all eight wells in the first column of a 96-well plate, one plate per time point. Each of these wells held 180 ll medium. Samples were serially diluted along the plate with 10-fold dilutions. The plates were incubated for 15 d at 34 C with 5% CO 2 , and then evaluated by fluorescent microscopy to determine the approximate dilution end point of infection. Well contents were removed, cytocentrifuged onto slides, and Giemsa-stained to accurately determine the dilution end point of cell infection.
Tick Infection by Animal Feeding
To determine whether transformation or in vitro cultivation of A. phagocytophilum HGE1-GFPuv had affected the continued infectivity of the transformant to ticks, tick feeding upon infected hamsters was performed. Male, 8-week-old golden hamsters (Mesocricetus auratus) were injected intraperitoneally with 10 5 ISE6 cells infected with either A. phagocytophilum HGE1 wild-type or HGE1-GFPuv. Seven days later, hamsters were infested with $50 I. scapularis nymphs, each. Engorged nymphs that had detached were stored in a humidified desiccator, and resulting adults were tested by polymerase chain reaction (PCR) to determine the proportion that transstadially acquired the bacteria.
PCR Testing for Infection
Infection of I. scapularis by membrane feeding was determined by PCR. Ticks were surface-sterilized by soaking in 70% ethanol, bisected, and DNA was extracted from whole ticks using a DNeasy Blood & Tissue kit (Qiagen, Venlo, Limburg, Germany). Nymphs were tested immediately following engorgement to establish that they had taken in the bacteria, and adults were tested after molting to establish transstadial infection rates (Fig. 3) . Presence of A. phagocytophilum and EMLA was ascertained using Per1 and Per2 primers (Per1 5'-TTTATCGCTATTAGATGAGCCTATG-3' and Per2 5'-CTCTACACTAGGAATTCCGCTAT-3'; Goodman et al. 1996 , Lynn et al. 2015 . Borrelia burgdorferi presence was determined by nested PCR targeting a portion of the flagellin gene, as described previously (Lebech et al. 1995) . All female I. scapularis were infected with the ovarian endosymbiont R. buchneri . To differentiate the R. monacensis transformants from R. buchneri, the PCR targeted the green-fluorescent protein (GFPuv) gene present on the pRAM18 plasmid construct rather than any native rickettsial gene that might demonstrate cross-reactivity between the rickettsial species (nested GFPuvF 5 0 -TTCTGTCAGTGGAGAG GGTGAAGGTGATGC-3 0 and nested GFPuvR 5 0 -CCATTCTTTT GTTTGTCTGCCGTG-3 0 ). This was based on a previously described RT-PCR method (Baldridge et al. 2010 ) with the following modifications for genomic PCR: 1 cycle of 95 C for 5 min; 40 cycles of 95 C for 30 s, 55 C for 30 s, and 72 C for 1 min; with a final extension of 1 cycle of 72 C for 10 min; run on a 1.2% agarose gel.
Borrelia Testing by Re-isolation From Ticks
Three adult I. scapularis (two females, one male), exposed to B. burgdorferi by membrane feeding as nymphs, were retained to reisolate the infecting bacteria. Ticks were separately dissected under sterile conditions, as described previously , and macerated organ tissues from each tick were added to supplemented BSK medium. Tubes were incubated at 34 C for 9 d, and then samples were centrifuged onto microscope slides for fixation, Giemsa staining, and microscopic examination.
Bacterial Transformations
Fluorescent bacteria were produced by transformation using methods previously described in detail (Felsheim et al. 2006 , Burkhardt et al. 2011 , Cheng et al. 2013 , Oliver et al. 2014 . Rickettsia buchneri is the only known rickettsia with a complete and intact biotin synthesis operon, present on the pREISMN_2 plasmid (Gillespie et al. 2012 . This operon encodes the six enzymes (bioC, bioH, bioF, bioA, bioD, and bioB) required for the conversion of malonylcoenzyme A to biotin (Lin et al. 2010) . A biotin-expressing R. monacensis was evaluated to determine if biotin production affected the acquisition and transovarial transmission rates of this bacteria (see the Discussion section). pRAM18dSGK[biotin] (Fig. 4) was constructed by PCR-amplifying the biotin operon from the pREISMN_2 plasmid of R. buchneri (Gillespie et al. 2012 ; on pREISMN_2 contig 206, accession number: JFKF01000206.1) using Q5 High Fidelity polymerase (New England Biolabs, Ipswich, MA, USA) following the manufacturer's protocol and cloning it into the AvrII site within the multiple cloning site of the rickettsial shuttle vector pRAM18dSGK[MCS] (Burkhardt et al. 2011) using ElectroMax STBL4 competent cells (Invitrogen, Grand Island, NY, USA). The pRAM18dSGK[MCS] shuttle vector is as published, except the rifampin resistance gene was replaced with a spectinomycin resistance marker, aadA (Felsheim et al. 2006) .
Results
Membrane Feeding
Between one-half and one-third of female I. scapularis completed engorgement on the artificial membrane, a comparable proportion Fig. 3 . Nymphs were allowed to feed for 7 d. On days 2-4, bacteria were inoculated into the blood reservoir with each change of blood. Because nymphs took at least 3 d to engorge, this ensured their exposure to infected blood. Engorged nymphs were sampled for PCR-testing after completion of feeding. Adults were sampled after they had molted and sclerotized 6-8 weeks after completing engorgement as nymphs.
with those that successfully engorge on rabbits, in our experience. Male ticks rarely attached to the membrane, and then only superficially. This is not abnormal when feeding on animal hosts because ticks in the genus Ixodes do not require an adult bloodmeal for spermiogenesis (Kiszewski et al. 2001) . About half of nymphs attached and engorged, comparable with the proportion that successfully feed on hamsters or mice in our laboratory. Feeding on bacteria-inoculated blood did not appear to affect engorgement success. Preliminary attempts at membrane feeding used an incubator set at 37 C, but ticks had a markedly lower rate of attachment and engorgement than when kept in a six-well plate floated in a water bath set to 37 C. It is possible that the heat gradient across the feeding chamber under these conditions helped ticks orient themselves and recognize a prospective meal. In addition, the incubator lacked lighting cues, while the water bath was tented with clear plastic wrap to allow exposure to the room light set to a photoperiod of 16:8 (L:D) h. This provided lighting comparable with what the ticks would experience in nature during their active feeding season.
Infection of Ticks
A subset of membrane-fed I. scapularis nymphs were PCR-tested immediately after engorging to repletion to determine whether they successfully acquired bacteria from the bloodmeal. Adult I. scapularis were evaluated for transstadial maintenance of bacterial infection after molting. The proportion of successfully infected ticks varied substantially depending on the bacterial isolate. Transstadial A. phagocytophilum infection occurred in 0% of HGE1-GFPuv and 20% of CRT-35 ticks (Fig. 5) . Borrelia burgdorferi and EMLA infected 100 and 92.3%, respectively. Rickettsia monacensis pRAM18dSGK[MCS] infected 10% and pRAM18dSGK[biotin] infected 8.7% (Fig. 5) .
Despite 100% of engorged nymphs successfully taking up the bacteria, no adult ticks were transstadially infected by membrane feeding with A. phagocytophilum HGE1-GFPuv. PCR results on adult ticks fed as nymphs on hamsters verified continued tick infectivity by the transformant, but indicated a low proportion of transstadially infected ticks for both strains examined, 1/21 for HGE1-GFPuv and 2/11 for HGE1 wild-type.
Bacterial Viability in the Feeding Apparatus
All wells from both sampled time points (0 hpi and 12 hpi) contained growing A. phagocytophilum morulae. In the most diluted well, this was equivalent to at least one viable bacterium per 0.12 ll of infected blood.
For R. monacensis, the end point dilution was ascertained for each row of the 0 hpi and 12 hpi plates. The dilution factors for the wells at which infection became extinct were compared between time points using a two-sided t-test assuming unequal variance. No significant difference (P > 0.28) was found in bacterial viability owing to the 12-h incubation in blood.
Borrelia Testing by Re-isolation From Ticks
Borrelia burgdorferi spirochetes were re-isolated from 3/3 I. scapularis ticks retained for this purpose. This further supported the 100% infection rate with this pathogen indicated by the PCR results.
Discussion
The use of animals in infectious disease research presents many problems owing to ethical concerns as well as owing to variability among individuals. Replacing animals with a standardized membrane-feeding apparatus is a way to address both concerns. Membrane feeding proved to be a practical method for feeding I. scapularis nymphs and adults, though the efficiency of pathogen acquisition varied substantially depending on the pathogen. Successful exposure of nymphs to bacteria during the 3-d inoculation window was almost 100%, as evidenced by detection of bacterial DNA in engorged nymphs. The technique clearly provided sufficiently prolonged exposure to bacteria to ensure uptake.
Despite the nearly 100% uptake of bacteria by engorged nymphs, only B. burgdorferi and EMLA both very effectively infected the nymphal ticks and were transstadially transmitted efficiently. In the case of B. burgdorferi, previous studies have demonstrated that I. scapularis nymphs successfully acquire and transmit it after only a few hours of capillary feeding exposure to bacteria-containing medium followed by a 1-wk incubation (Korshus et al. 2004 ). The infection dynamics for EMLA are less understood than those for well-studied B. burgdorferi. The high proportion of membrane-fed nymphs that transstadially maintained EMLA (11/12 nymphs) indicates that this is indeed a highly effective infection method. In contrast, A. phagocytophilum and R. monacensis demonstrated low rates of transstadial transmission, despite the exposure and uptake of almost all the engorged nymphs.
Infection of ticks by membrane-feeding A. phagocytophilum was poor, and the cause of this is uncertain. Little is known about the process of tick infection by A. phagocytophilum, and it is possible that nymphal ticks are less susceptible to infection than are larval ticks, despite successful ingestion of viable bacteria. In our system, Anaplasma morulae were added to the blood reservoir within infected ISE6 host cells. This could potentially have affected the successful establishment of bacterial infection in the tick, though EMLA, inoculated into the blood inside ISE6 cells in a similar manner, was highly successful at tick infection. The experiments evaluating bacterial viability after prolonged incubation in the blood reservoir demonstrate that this was not the cause of poor infection rates of either A. phagocytophilum or R. monacensis.
Unlike A. phagocytophilum, R. monacensis is not naturally present in North American ticks. In Eurasia, it infects members of the Ixodes ricinus species complex, including I. ricinus from which the experimental strain was isolated (Simser et al. 2002) , and is apparently maintained among rodents by Ixodes sinensis (Ye et al. 2014) . Rickettsia monacensis was selected for use in these experiments, as it is known that I. scapularis is, to an extent, susceptible to infection by it in a laboratory setting (Baldridge et al. 2007 ), despite being considered generally refractory to infection by rickettsiae. Because I. scapularis ticks do not naturally host R. monacensis, the low proportion of transstadially transmitting ticks may be owing to limited compatibility based on a lack of co-evolution, or limited by the competitive presence of I. scapularis' rickettsial endosymbiont, R. buchneri . Competitive exclusion between species of Rickettsia has been best demonstrated by the protective effect of Rickettsia peacockii limiting transstadial transmission of Rickettsia rickettsii in Dermacentor andersoni ticks (Telford 2009 ). Low rates of transstadial transmission have also been observed in previous studies involving the infection of I. scapularis with R. monacensis by capillary feeding (Baldridge et al. 2007 ). These observations indicate that a low rate of transstadial transmission may be normal for this host/pathogen combination and not a limitation of the membranefeeding system.
The exact mechanisms by which spotted fever-group rickettsiae invade and move between cells have not yet been thoroughly explained (Walker and Ismail 2008) . In another tick-associated intracellular bacterium, Francisella novicida, bacteria-synthesized biotin allowed rapid escape from host cell phagosomes, whereas biotin-knockout transformants demonstrated decreased ability to exit into the cytosol, an effect reversible by complementation with biotin (Napier et al. 2012) . This observation raised the possibility that a Rickettsia, transformed to synthesize biotin, might demonstrate enhanced infectivity to a semi-refractory tick species such as I. scapularis, by increasing the rate of phagosome escape to decrease pressure from host cell immune responses. However, membrane feeding of I. scapularis did not demonstrate an increase in susceptibility to biotin-producing R. monacensis relative to the multiple cloning site control (Fig. 5 ).
Membrane feeding reduces or even eliminates reliance upon larger animals for hard tick rearing, though hosts for the larval stage continue to be necessary. Reduced usage of animal hosts will lower costs and labor requirements associated with animal husbandry, and satisfy goals of institutional animal regulatory committees and governmental agencies to limit use of animal subjects when possible. Ticks species or life stages reliant upon larger animals, exotic host animals, or animals unsuitable for the laboratory environment could be maintained by this feeding method; our I. scapularis adults deposited viable egg masses of moderate size ($800-1,200 eggs) from which larvae successfully hatched (data not shown). In addition, membrane feeding allows infection of ticks with pathogens not transmissible through rodent feeding, as demonstrated by the infection of nymphs with the A. phagocytophilum Ap-Variant 1 strain, CRT-35. This feeding system allows examination of transstadial transmission of Ap-Variant 1 without the need for ruminants or use of less reliable methods of artificial infection, like capillary feeding or injection. Although capillary feeding works well as a method for infecting ticks with B. burgdorferi (Broadwater et al. 2002) , and functions adequately for infection with other pathogens, such as R. monacensis (Baldridge et al. 2007 ), it has proved ineffective for infecting ticks with A. phagocytophilum or EMLA, in our experience.
Reducing reliance upon host animals also opens a variety of other possibilities for studies that would be difficult or impossible to perform with animal subjects. Chemicals or biogenic compounds, such as acaricides (Krö ber and Guerin 2007), antimicrobials, hormones, antibodies, or double-stranded RNA, may be freely added to the blood, allowing for consistent dosages to be administered to feeding ticks. Nutritional experiments can be performed by addition of nutrients, dilution of blood, or by feeding the blood of a nonhost animal.
A further challenge in the development of an artificial membrane-feeding system is to produce a membrane that is effective for feeding larval I. scapularis, whose tiny mouthparts appear to be too short or weak to penetrate the thinnest membranes made by us. Membranes that allow larval feeding may be vital for establishing viable infections of some pathogens in ticks, and will provide the potential for rearing ticks through their entire life cycle without the need for animal hosts.
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